a Polymeric ionic liquids (PILs) form a novel class of materials in which the extraordinary properties of ionic liquids (ILs) are combined with the mechanical stability of polymeric systems qualifying them for multifold applications. In the present study broadband dielectric spectroscopy (BDS), Fourier transform infrared spectroscopy (FTIR), AC-chip calorimetry (ACC) and differential scanning calorimetry (DSC) are combined in order to unravel the interplay between charge transport and glassy dynamics. Three low molecular weight ILs and their polymeric correspondents are studied with systematic variations of anions and cations. For all examined samples charge transport takes place by glassy dynamics assisted hopping conduction. In contrast to low molecular weight ILs the thermal activation of DC conductivity for the polymeric systems changes from a Vogel-Fulcher-Tammann-to an Arrhenius-dependence at a (sample specific) temperature T s 0 . This temperature has been widely discussed to coincide with the glass transition temperature T g , a refined analysis, instead, reveals T s 0 of all PILs under study at up to 80 K higher values. In effect, below the T s 0 charge transport in PILs becomes more efficient -albeit on a much lower level compared to the low molecular weight pendants -indicating conduction paths along the polymer chain. This is corroborated by analysing the temperature dependence of specific IR-active vibrations showing at T s 0 distinct changes in the spectral position and the oscillator strength, whereas other molecular units are not affected. This leads to the identification of charge transport responsive (CTR) as well as charge transport irresponsive (CTI) moieties and paves the way to a refined molecular understanding of electrical conduction in PILs.
Introduction
Polymeric ionic liquids (PILs) have been developed with the primary intention to establish a novel class of potential electrolyte materials for multifold applications, such as power-storage devices or CO 2 absorption appliances. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] With the evolution of these modern materials Hiroyuki Ohno and coworkers pioneered the strategy of incorporating outstanding properties of ILs (e.g. wide electrochemical and thermal window, negligible vapour pressure and non-flammability; but foremost high ionic conductivity) into mechanically stable polymeric systems by polymerization. [18] [19] [20] [21] [22] [23] Although those systems have been of deep scientific interest over the last 20 years and the individual components are already used as additives in fuel cells and as battery electrolytes, a satisfying pure PIL candidate for these applications has not been synthesized yet. The most hindering obstacle one faces in that framework are the competing properties of high electrical conductivity and mechanical stability. While the latter is attained by the polymer network, the former is determined by the charge of the individual ionic moieties, their corresponding number density and the mobility of the charge carriers (s = qnm). Enlarging the polymeric structure results in a higher stability but, on the other hand, reduces consequently the charge carrier number density. This interrelation is reflected by a characteristic decline in the DC-conductivity s 0 , about 3 to 6 orders of magnitude, for most PILs compared with their low molecular weight counterparts. 19, [24] [25] [26] In order to compensate or even overcome these competing properties Ohno and coworkers suggested a flexible linker between the polymeric backbone and the ionic moiety which is supposed to maintain the high mobility of the latter. attachment of shorter alkyl chains in order to avoid shielding of the charge from the surrounding. As an alternative attached short poly(ethylene glycol) (PEG) chains are expected to ease the accessibility of the counterion to the effective charge which is extended from the imidazolium-ring over the PEG chain. 29, 30 Even though the influence of various ion compositions, molecular volumes of certain repeating units and molecular weights have been intensively studied by many groups, one observes -except for one sample material ref. 31 -the general characteristic of conductivity decrease with an increasing degree of polymerization or molecular weight, which has already been addressed by Ohno in 1998. 18, 19, 23 In contrast to low molecular weight ILs the thermal activation of DC conductivity for all polymeric systems studied so far changes from a Vogel-Fulcher-Tammann-to an Arrheniusdependence at a (sample specific) temperature T s 0 . [24] [25] [26] [32] [33] [34] [35] [36] [37] Sangoro and coworkers demonstrated, by combining broadband dielectric spectroscopy (BDS) with pulse-field gradient nuclear magnetic resonance (PFG-NMR), that this transition is caused by tremendous demobilization of the polymeric backbone including the attached ionic species, whereas the counterions are still diffusing through the polymer matrix and thence contributing to s 0 . 24 The fact that T s 0 was found to be close to the calorimetric glass transition temperature T g of the PILs under study leads to the conjecture of decoupling between charge transport and glassy dynamics. [24] [25] [26] 32, 33, 36, 38, 39 In the present study such PILs are introduced whose T s 0 differ as far as 80 K from the calorimetric glass transition temperature. Furthermore, the fact that the mean structural relaxation time t a , the charge carrier hopping rate o c , and the DC-conductivity s 0 are proportional to each other (t a B o c B s 0 ) widely below and above the transition temperature T s 0 demonstrates that the mechanism of charge transport (glassy dynamics assisted hopping conduction) does not change at T s 0 ; instead, it becomes more efficient, albeit on a lower level of absolute DC-conductivity. In order to bridge the gap between the macroscopic characteristics and the underlying microscopic mechanisms broadband dielectric spectroscopy (BDS), differential scanning and AC-chip calorimetry (DSC and ACC) as well as Fourier transform infrared spectroscopy (FTIR) are employed to three polymeric ionic liquids with systematically varied anions and cations as well as to their low molecular weight correspondents. The detailed findings lead to the identification of charge transport responsive (CTR) as well as charge transport irresponsive (CTI) moieties and thence to a refined understanding of electrical conduction in this class of materials. BDMAEMA-NTf 2 (see Scheme 1): synthesis of the ionic liquid methacrylate was realized in a two step procedure beginning with alkylation of 2-(dimethylamino)ethyl methacrylate with 1-iodobutane followed by anion exchange with lithium bis(trifluoromethylsulfonyl)imide as described in ref. 42 . 2-(Dimethylamino)ethyl methacrylate (110.56 g, 0.703 mol) was dissolved in 100 ml tert-butyl methyl ether and 1-iodobutane (129.41 g, 0.703 mol) was added dropwise to the solution. The reaction mixture was stirred at room temperature for 7 d and N-butyl-N,N-dimethyl-ammonium iodide precipitated as a white solid, which was then isolated and purified as follows: it was dissolved in 50 wt% distilled acetonitrile and precipitated in 80 wt% distilled ethyl acetate.
Lithium bis(trifluoromethylsulfonyl)imide (35.34 g, 0.117 mol) was dissolved in 50 ml water and added dropwise to a solution of N-butyl-N,N-dimethyl-ammonium iodide (40.0 g, 0.123 mol) in 150 ml water. The reaction mixture was stirred at room temperature for 12 h. The water phase was decanted and N-butyl-N,Ndimethyl-ammonium bis(trifluoromethylsulfonyl)imide was washed with fresh water (5 Â 50 ml) until no AgI was detected.
P Scheme 1) : N-butyl-N,N-dimethylammonium bis(trifluoromethylsulfonyl)imide was polymerized in bulk with AIBN as the thermal initiator: 9.89 g of the monomer (20 mmol) was purged with argon for 20 min before addition of AIBN (32.8 mg, 0.2 mmol). The polymerization was carried out at 70 1C for 24 h under an argon atmosphere and stirred as long as possible. The polymer was then washed with methanol (3 Â 50 ml) in order to remove the residual monomer. Afterwards it was dried at 50 1C for 48 h resulting in 9 g of the solid colourless polymer.
Measurement techniques
Broadband dielectric spectroscopy (BDS) measurements were carried out using a high-resolution a-analyzer from NOVOCON-TROL Technologies GmbH & Co. KG in a temperature range of 100-400 K and frequency window of 10 À2 -10 7 Hz combined with a Quatro temperature controller ensuring absolute thermal stability of r1 K. The sample cells for these measurements consist of two polished (mean square roughness r1 mm) plane brass electrodes (lower: spectrometer ground plate (d = 40 mm), upper: d = 10 mm) which are separated by 2-3 glass fibre spacers (d = 50 mm) ordered in parallel. To evaporate the remaining solvents (that might act as plasticizer) and water that contributes significantly to the conductivity and several relaxation processes due to its dissociation into H + and OH À , the whole arrangement of the upper electrode, spacers and sample material was annealed at 130 1C inside an oil-free vacuum at 10 À6 mbar for 24 h. Subsequently, while still in vacuo, the upper electrode was placed on top of the liquid like sample droplet. The whole annealing and measurement process was carried out in vacuo or in an inert nitrogen or argon atmosphere. Considering the reproducibility each measurement was checked with special care between the cooling and heating run and further repeated after 6 months. All presented data were -within the measurement accuracy -identical. The characteristic temperature T s 0 at which the DC-conductivity undergoes a transition from a VFT-law to an Arrheniusdependence was deduced as intersection of the two slopes of the 3-point-derivative of s 0 (1000/T) (see Fig. S19 , ESI †). This analysis enabled a more precise determination of T s 0 compared to the intersection of the VFT-and Arrhenius-fits. Infrared spectroscopy was performed on a Bio-Rad FTS 6000 FTIR spectrometer equipped with an UMA-500 IR microscope in a spectral range of 700-4000 cm
À1
. The transmitted radiation of the spin coated sample film (thickness approx. 10 mm) was measured with a resolution of 2 cm À1 (at 4000 cm À1 ) using a liquid nitrogen cooled mercury cadmium telluride (MCT) detector from Kolmar Technologies Inc, USA. All samples under study were spin-coated and treated before measurement as described in the BDS part. During measurements the samples were kept on a sealed THMS350V stage (Linkam Scientific Instruments, UK) using dry liquid nitrogen as a temperature control agent covering a range between 150 and 400 K. The analysed vibrational bands (see Table 2 ) were assigned on the basis of results from J. Kiefer [48] [49] [50] [51] [52] [53] [54] AC-chip calorimetry (ACC), employing XEN-39390 chips from Xensor Integration, was conducted using a set-up from the group of Prof. Schick at the University of Rostock as described in ref. 55 . The measurements were carried out in a temperature range between 173 and 323 K at the rate of 1 K min À1 in a heating and cooling cycle with operating frequencies in the range of 10
-10 4 Hz. The glass transition temperature at a certain frequency was determined as the midpoint of the step of the magnitude of the measured voltage that is proportional to the real part of the complex heat capacity. Differential scanning calorimetry was conducted using a DSC Q200 from TA Instruments calibrated to the melting temperature of indium (437.65 K). The measurements of the samples under study were carried out for two temperature cycles in a range of 203-373 K and at the temperature rates of 5 K min À1 (low molecular weight ILs) and 10 K min À1 (PILs).
The glass transition temperatures were determined as the midpoint of a step in the heat flow of the second heating cycle for all samples under study except BMIM-StySu due to the strong tendency of self-polymerization at elevated temperatures. The latter's T g was deduced during the first heating cycle. 1 H NMR and 13 C NMR spectra were were recorded on a
Bruker Fourier 300 spectrometer. The deuterated solvents (D 2 O, MeOD, CD 3 CN and acetone-d 6 ) comprising tetramethylsilane (TMS) as an internal standard were purchased from ARMAR Chemicals. Karl Fischer titration was carried out using a coulometer from Metrohm equipped with an oven (Thermoprep) and a dual 3 Results and discussion
Broadband dielectric spectroscopy
The intermolecular properties of all six (polymeric) ionic liquids (see Scheme 1) under study are investigated by means of broadband dielectric spectroscopy (BDS). A BDS spectrum is characterized by a superposition of the (i) electrode polarization, (ii) charge transport and (iii) molecular dynamics, and to the best analysable in terms of the complex dielectric function (e* = e 0 À ie 00 ) as well as the complex conductivity (s* = s 0 + is 00 ) ( vs. f as peaks reflecting the dissipation of energy and are analysed using the empirical Havriliak-Negami formula, 59 which extends the Debye-formula 60 by two shape parameters, b and g.
For all samples under study three different molecular relaxation processes are obtained, whereas one of them is thermally in accordance with the glassy systems well established VogelFulcher-Tammann (VFT)-equation while the others tentatively follow the Arrhenius law (Fig. 2) . Regarding eqn 1, t N denotes the high temperature limit of the relaxation time, D is a shape constant interpreted as fragility index and T 0 is the Vogel-temperature. The mean structural relaxation time t a of the dynamic glass transition as measured using BDS and AC calorimetry scales well with the calorimetric glass transition temperature T g determined using conventional DSC. The sample P[BVIM-NTf 2 ] differs in T g by almost 80 K from the reported value for P[PVIM-NTf 2 ]. respectively. In addition to the structural relaxation processes charge transport obeys the Barton-Namikawa-Nakajima (BNN) relation between the DC-conductivity s 0 and the charge carrier hopping rate o c . This correlation is well fulfilled for all ILs as well as PILs under study by over 9 orders of magnitude ( Fig. 3) , as widely observed for many low molecular weight ionic liquids. 33, [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] In addition to the BNN-relation one observes a strong correlation (over 7 orders of magnitude) between t a and o c (lower right inset in Fig. 3 ). The interrelation between the structural relaxation time t a which is assigned to fluctuations determining the glassy nature of the systems and the DC-conductivity s 0 by means of the charge carrier hopping rate o c reveals the primary charge transport mechanism as a dynamic glass transition assisted hopping conduction. 31, 33, 71, 73 Due to the fact that ions are the dominating type of charge carriers it is reversely conclusive to assign the a-process molecularly to fluctuations of transient anion-cation-pairs. Concerning the BNN-relation which is directly derived from the Einstein-Smoluchowski equation describing the diffusion Fig. 2 Activation plot of all six (low molecular weight and polymeric) ionic liquids under study. The different colours represent the particular sample molecule (see Scheme 1). The dielectrically observed relaxation processes are depicted with closed symbols, (squares: a-process, circles and triangles: secondary processes). The DSC-measured glass transition temperatures at the conventional relaxation time of 100 s are included as crossed squares and the AC-chip calorimetry measured evolution of the dynamic glass transition as dotted squares. The polymeric ionic liquids are depicted in strong colours (red, dark green and dark blue) and the low molecular weight counterparts in brighter ones (orange, light green and light blue). The logarithm is to base 10 and the error-bars are smaller than the symbol-size, unless explicitly specified otherwise. dependence of Brownian motion it has been previously demonstrated that dielectric data agree well with diffusion coefficients of neat ILs deduced by PFG-NMR under the assumption to treat the molecules as spheres. 65, 68, 74 Thus, it is remarkable in the authors view that the interrelation t a B o c B s 0 holds true for PILs, even though one of the ionic species is covalently bound to the polymeric backbone. Nevertheless, one has to raise the question whether (and how) the charge transport is affected by polymerization. In contrast to many low molecular weight ILs the data in our studies (see Fig. 3 ) do not collapse into each other. The physical understanding of this finding is ambitious; it might be interpreted as a measure of efficiency regarding the mechanism of glassy dynamics assisted hopping in the different PILs under study. However, it cannot be excluded that in the polymeric systems conduction paths are formed along the contour of the chain influencing the efficiency of charge transport as well. To unravel this, continuative studies with special focus on systematic and broad variations (especially the molecular weight) of the PILs are essential in the authors view. On the one hand, the thermal activation of all PILs is generally lower compared to their monomeric counterparts at absolute temperatures which is macroscopically reflected by the higher values of T g . This results in a decrease of s 0 at lower temperatures, typically in the order of 3 to 6 decades. On the other hand, by polymerizing the monomers one observes a change in the thermal activation of s 0 from a VFT-like dependence to an Arrhenius-law at certain sampledependent temperatures T s 0 (upper left inset Fig. 3) . In contrast to (several) previous studies where this transition has been discussed to be exactly at T g , [24] [25] [26] 33, 34, 38 this is the first time one obtained T s 0 consequently above T g with considerable deviations in the range of 40-80 K (see Table 1 ). Disregarding this novel temperature peculiarity the idiosyncrasy of a change in the thermal activation of s 0 , which seems to be characteristic for many PILs, 24, 33 has been studied by J. R. Sangoro and coworkers in a comparative framework of BDS and NMR. They demonstrated that the dynamics of the polymeric moieties decreases significantly in the range of this critical transition while the low molecular weight counterions are still highly activated and contribute almost unhindered to the DC-conductivity. Concerning this aspect a decoupling of charge transport from glassy dynamics is widely discussed without delivering an appropriate molecular picture that describes the detailed changes that polymeric ionic liquids undergo in this range. [24] [25] [26] 33, 35, 36, 38, 39 Moreover, this interpretation has to be carefully scrutinized, especially with regard to (a) the aforementioned relaxation t a that is assigned to structural fluctuations of transient ion-pairs which determines both the glassy nature of the overall system as well as charge transport and (b) the novel result that T g and T s 0 can differ tremendously with respect to each other. However, this deviation opens the possibility to answer the question whether the polymeric or the IL-like moieties dominate the two-component systems PILs are based of.
FTIR spectroscopy
In order to bridge the gap between intermolecular properties as macroscopically deduced by BDS and the intramolecular dynamics temperature-dependent Fourier transform infrared (FTIR)-spectroscopy has been employed (Fig. 4) . Especially this technique enables examination of molecular vibrations in a moiety-specific fashion and hence assign these vibrations and their temperaturedependent alternations to particular molecular groups. In the course of this we specifically selected molecular vibrations allocated to each polar moiety as well as neutral subunits including the polymeric backbone of the PILs under study. An overview of the analysed vibrations in terms of the spectral position as well as the relative absorbance is presented in Table 2 . The first reflects the transition energy between the ground and the first excited state, and the latter reflects the number density and oscillator strength of the corresponding vibration. The most relevant ones in view of a molecular picture of the charge transport mechanism are: (i) the asymmetric SO 2 stretching vibration n as (SO 2 ) localized within the NTf 2 counterion which absorbs light at n E 1350 cm
À1
and the asymmetric SO 3 stretching vibration n as (SO 3 ) of the styrenesulfonated samples visible at n E 1170 cm À1 , (ii) the combination of N-CH and/or N-CH 2 and/or N-CH 3 stretching vibrations n(N-CH) at n E 1200 cm À1 originating from the imidazolium ring or quaternary ammonium, and The upper left inset presents the temperature dependence of s 0 and the lower right one the correlation between o c and the mean structural relaxation time t a which is assigned to the dynamic glass transition. The colour code is identical to Fig. 2 , the dotted lines indicate the slope 1; the logarithms are to base 10. The error-bars are smaller than the symbol-size, unless explicitly specified otherwise. Table 1 Comparison of the glass transition temperatures T g as measured by DSC and extrapolated by BDS as well as the transition temperatures T s 0 of all PILs under study; where T s 0 marks the intersection between an VFT-fit above T s 0 and an Arrhenius-fit below, T s 0 is derived from the 3-point first order derivative of log s 0 (1000/T) (see S19, ESI) (iii) the C-C stretching vibration n(C-C) within the alkyl chains (and polymeric backbones) at n E 950 cm À1 (Fig. 4) .
In the spectral region between n = 1400 and 1275 cm À1 absorption bands are present which arise from the NTf 2 ion. Among them we concentrate on n as (SO 2 ) around n E 1350 cm À1 (molecular vibration (i)). Furthermore, only sample BDMAEMANTf 2 exhibits an additional peak at n = 1293 cm À1 which is not present in the spectrum of the corresponding PIL. Nagai et al.
76
assigned this band to a combination of n(CQC) and n(C-C-O) vibrations; Sokrates 75 to a peak arising from the CH in-plane deformation at the outermost carbon atom of the vinyl bond. However, even though the exact vibrational origin is certainly discussed, the general assignment of this band to the vinyl end group is beyond question. Because of a different chemical environment the polymerisable end groups in the other two monomeric structures, the analogous signals appear at different frequencies. On the other hand, only samples containing StySu exhibit two pronounced peaks at n E 1010 and 1030 cm À1 arising from the ring in-plane bending, vinyl in-plane rocking; and SO 3 symmetric stretching n s (SO 3 ), respectively. The SO 3 antisymmetric stretching vibration (n as (SO 3 ), n E 1170 cm
À1
) is employed as StySu-based represent for molecular vibration (i).
Around n = 1200 cm À1 the combinational vibration of N-CH/ N-CH 2 /N-CH 3 stretching (molecular vibration 2) appears in the spectra of all samples (Fig. 4) . Thus, this band provides information related to the positively charged imidazolium moiety or quarternary ammonium and can be compared between all samples. At around n = 950 cm À1 peaks arising from n(C-C) (molecular vibration 3) can be found in all spectra. These vibrations are located within the aliphatic chains of low molecular weight ILs and in addition within the polymeric backbone of the PILs. In contrast to the aforementioned molecular vibrations 1 and 2, these vibrations are located in uncharged and hydrophobic parts of the sample molecules. Interestingly, all samples except BVIM-NTf 2 are fully amorphous over the whole temperature range, whereas the latter crystallizes during the heating run between 241 and 294 K. Crystallization results in narrower and hence higher IR absorption bands (Fig. 4) . However, the reason for this phenomenon is not in the scope of the current work.
Charge transport characteristics
In order to deduce detailed information about the charge transport mechanism and the submolecular moieties involved in this process, we compare the temperature-dependency of the intermolecular interactions with that of intramolecular interactions. In this case the former characteristics t a and s 0 determined by means of BDS are compared with properties of molecular vibrations, which are quantified in terms of the spectral position n and the oscillator strength A. The latter is determined on the basis of the integrated absorbance (area under the curve) which is directly proportional to the oscillator strength. Thus, the relative change of the normalized integrated absorbance is identical to the relative change of the oscillator strength ( Fig. 5 and 6 ). The following characteristic temperatures specific for each sample are determined from the dielectric measurements: the glass transition temperatures T g , as the parameter at which the fitted VFT curve shows a relaxation time of t a = 10 À2 s (dotted lines in Fig. 5 and 6) , and the transition temperature T s 0 , which indicates the transition from a VFTdependence to an Arrhenius-like thermal activation of s 0 (dashed-dotted lines).
Comparing these temperatures with the temperaturedependencies of the selected molecular vibrations (i-iii) one unravels the following three characteristics:
(I) For all low molecular weight ILs one observes kinks either in D n and/or in A at T g .
(II) For the molecular vibrations allocated to the ionic moieties in the PILs [vibration (i) and (ii)] one observes no temperature peculiarity at T g , but kinks either in D n and/or in A at T s 0 .
(III) For the molecular vibrations of the PILs of the neutral moieties represented by C-C stretching [vibration (iii)] temperature peculiarities are neither observed at T g , nor at T s 0 .
The detailed analysis of these results is provided and discussed below.
Starting with molecular vibration in (i) (n as (SO 2 ) and n as (SO 3 )) one observes for all samples a spectral blue shift of the peak positions as a consequence of decreasing temperature, in particular of about 3.0 cm À1 , 1. . In a simple approach the frequency position n depends on the energy difference between the ground state and the first excited state of the quantized vibrational mode. With decreasing temperature the Morse potential becomes narrower leading to a spectral blue shift. A kink in the temperature dependence of the frequency position directly reflects a change in the temperature dependence of the Morse potential.
Concerning the oscillator strength when cooling from 400 K to 150 K one examines an increase of 33%, 80% and 45% for the monomeric samples BMIM-StySu, BVIM-NTf 2 and BDMAEMA-NTf 2 , or of 8%, 57% and 32% for the polymeric systems P[BMIM-StySu], P[BVIM-NTf 2 ] and P[BDMAEMA-NTf 2 ], respectively. The oscillator strength is given by the excitation process from the vibrational ground state to the first excited state. Because the states' occupation obeys the Boltzmann distribution, the greatest change in the oscillator strength will occur for the vibration with the lowest frequency (and hence lowest energy difference). Thus, a change of more than 3% cannot be explained on the basis of occupation of states and indicates towards intermolecular interactions. Moreover a slight hysteresis appears, which is tentatively caused by a weak H-bonding network. Analogous to the frequency position the oscillator strength exhibits clear kinks for the low molecular weight ILs which are allocated near the particular glass transition temperatures. This verifies a direct interrelation between the intramolecular potential landscape, which is responsible for the specific infrared absorption, and the intermolecular interactions, which are dominating the dynamics of the glassy systems. In the case of PILs the oscillator strength shows a clear kink for sample P[BMIM-StySu] at T s 0 and a slight kink for sample P[BDMAEMA-NTf 2 ] at the corresponding positions, while this dependency is not observed for P[BVIM-NTf 2 ].
In order to verify the dependence of macroscopic DC-conductivity on microscopic intramolecular interactions we raise the question, whether this dependencies holds true also for molecular vibration (ii). Thus, the frequency position and its shift as well as the relative oscillator strength of the N-CH/N-CH 2 /N-CH 3 stretching vibrations allocated at the imidazolium rings or the quaternary ammonium are analysed. As for molecular vibration (i) the frequency position is generally blue shifted while the oscillator strength is enhanced due to the temperature decrease. In the case of samples BMIM-StySu and P[BMIM-StySu] one observes generally weak thermal response without clear kinks neither at one of the T g 's nor at T s 0 . In contrast to these samples for BVIM-NTf 2 a spectral shift of more than 8 cm À1 with a pronounced kink at T g is evident. The oscillator strength increases by 10% without any temperature-specific peculiarly. For BDMAEMA-NTf 2 the opposite effect can be observed. While the frequency position is monotonously shifted over 6 cm
À1
, the relative oscillator strength bends off adjoining T g . In the case of the polymeric counterparts P[BVIM-NTf 2 ] and P[BDMAEMA-NTf 2 ], a kink in the spectral shift is evident at T s 0 likewise for molecular vibration (i), whereas the stretching vibration is fully unaffected at T g . The absolute values of the shifts (2.5 and 3.0 cm À1 ) compared to the monomers are rather weak; the values of the oscillator strengths does not show any temperature-specific peculiarity.
In order to obtain a consistent molecular picture not only the charged (ionic) moieties have to be considered in this study but also the neutral units, which are hypothesized to be not involved in the charge transport mechanism. Therefore, the C-C stretching vibration (molecular vibration in iii) assigned to the band at n(C-C) E 950 cm À1 has been selected. In the case of monomeric structures this mode is almost exclusively located at the butyl chains, whereas for PILs the polymeric backbone contributes significantly. First, for BVIM-NTf 2 and P[BVIM-NTf 2 ] no significant temperature dependence is deduced (Dn r AE1 cm
). , respectively. The ILs show a kink in the frequency shift around their T g . Third, the oscillator strength appears constant in the case of sample BMIM-StySu, while in the case of the polymer P[BMIM-StySu] it is strictly monotonically increasing. For BVIM-NTf 2 the oscillator strength appears constant, whereas for P[BVIM-NTf 2 ] it increases and bends off at T g . For BDMAEMA-NTf 2 and P[BDMAEMA-NTf 2 ] the opposite behaviour is detected, for the IL the oscillator strength increases and bends off at T g , for the PIL it is constant. Although these dependencies appear similar to the analogies of molecular vibrations (i) and (ii), for all samples there is no evidence that molecular vibration in (iii) responds to T s 0 .
Combining the results of the thermal response obtained by investigating IR-active vibrations structurally allocated at both ionic moieties as well as on neutral units one observes a strong correlation between the particular glass transition temperatures T g and distinct kinks within the spectral position and respective oscillator strength, for all low molecular weight ionic liquids under study. This confirms the so far achieved understanding that the dynamics of neat ILs is dominated by the glassy nature of the samples originating from fluctuations between transient ion pairs, in accord with the relation t a B o c B s 0 . In contrast to low molecular weight ILs the intramolecular dynamics of polymeric ionic liquids is not affected by the glass transition; neither at the T g of the PIL, nor at that of a segmental repeat unit. In fact one observes for both molecular vibrations adjoined to the ionic units (i and ii) distinct alterations of the thermal response of the spectral position as well as of the oscillator strength at T s 0 . This leads for the first time to the conclusion that the change in the local, intramolecular potentials of these moieties at T s 0 is correlated to the change of the macroscopic DC-conductivity, whereas other molecular parts are not involved. Thus, we identify the ionic units as charge transport responsive (CTR) moieties.
Correspondingly, the C-C stretching vibration (molecular vibration iii) is fully unaffected by any of the characteristic temperatures and determines the alkylchains as well as the polymeric backbones to be charge transport irresponsive (CTI) moieties. Furthermore, this absence of any response at T g and T s 0 proves that the glassy dynamics as well as the charge transport in PILs is dominated by the ionic moieties and not by the polymeric backbone.
Conclusion
In the current study three polymeric ionic liquids (PILs) as well as their monomeric correspondents with systematically varied anion-cation composition are investigated by means of broadband dielectric spectroscopy (BDS), Fourier transform infrared spectroscopy (FTIR), and AC-chip and differential scanning calorimetry. First, three dielectric active relaxation processes are found; two of them are assigned to secondary fluctuations (t b 1,2 ) of the individual ionic species, whereas the third (t a ) originates from the relaxations of transient ion pairs and reflects the dynamic glass transition. This relaxation process shows a Vogel-Fulcher-Tammann (VFT) temperaturedependence and scales with the calorimetric glass transition temperature T g .
Second, the complex conductivity of both, low molecular weight and polymeric ILs, is determined by hopping conduction in a spatially and temporally varying random energy landscape. The mean hopping rate o c is found to be proportional to the relaxation rate of the dynamic glass transition t a and the DC-conductivity s 0 , thus proving the validity of the BartonNamikawa-Nakajima (BNN)-relation for all systems under study. In contrast to the low molecular weight ILs, the thermal activation of the DC-conductivity in the polymeric systems changes from a VFT-to an Arrhenius-dependence at a (sample specific) temperature T s 0 . While in many studies T s 0 was found to be close to the calorimetric glass transition temperature T g , in the present study PILs are examined for which T s 0 distinctly differs from the calorimetric glass transition temperatures T g by as far as 80 K. The fact that the mean structural relaxation rate time t a , the charge carrier hopping rate o c , and the DC-conductivity s 0 are proportional to each other well below and above the transition temperature T s 0 explicitly proves that the mechanism of charge transport is deduced as a glassy dynamics assisted hopping conduction and does not change at T s 0 . Third, by analysing the temperature dependence of selected moiety-specific IR-active vibrations one observes for all low molecular weight ILs distinct changes in all intra-molecular vibrational potentials at T g . In the case of the polymeric ILs instead, only the thermal activations of vibrational modes adjoining the ionic moieties are changed at T s 0 . Potentials of neutral moieties as those of the free alkyl-chains or the polymeric backbone are neither affected at T s 0 nor at T g . This leads to the identification of charge transport responsive (CTR) and charge transport irresponsive (CTI) moieties (see Fig. 7 ).
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